Infusion of the heme-binding protein hemopexin has been proposed as a novel approach to decrease heme-induced inflammation in settings of red blood cell breakdown, but questions have been raised as to possible side effects related to protease activity and inhibition of chemotaxis. We evaluated protease activity and effects on chemotaxis of purified plasma hemopexin obtained from multiple sources as well as a novel recombinant fusion protein Fc-hemopexin. Amidolytic assay was performed to measure the protease activity of several plasma-derived hemopexin and recombinant Fc-hemopexin. Hemopexin was added to the human monocyte culture in the presence of lipopolysaccharides (LPS), and also injected into mice intravenously (i.v.) 30 min before inducing neutrophil migration via intraperitoneal (i.p.) injection of thioglycolate. Control groups received the same amount of albumin. Protease activity varied widely between hemopexins. Recombinant Fc-hemopexin bound heme, inhibited the synergy of heme with LPS on tumor necrosis factor (TNF) production from monocytes, and had minor but detectable protease activity. There was no effect of any hemopexin preparation on chemotaxis, and purified hemopexin did not alter the migration of neutrophils into the peritoneal cavity of mice. Heme and LPS synergistically induced the release of LTB4 from human monocytes, and hemopexin blocked this release, as well as chemotaxis of neutrophils in response to activated monocyte supernatants. These results suggest that hemopexin does not directly affect chemotaxis through protease activity, but may decrease heme-driven chemotaxis and secondary inflammation by attenuating the induction of chemoattractants from monocytes. This property could be beneficial in some settings to control potentially damaging inflammation induced by heme.
animal models of endothelial toxicity (15) , inflammation and sepsis (15, 16) and clinical studies in which elevated hemoglobin has been associated with worse outcomes in sepsis (17, 18) .
Hemopexin (Hx) is a heme-binding plasma glycoprotein that functions as a scavenger of free heme released from hemoglobin after rupture of red blood cells (RBCs) . Hx binds heme with extraordinarily high affinity to form an oxidatively inert complex at the ratio of 1:1 (K d < 10 -12 mol/L) (19, 20) . Bound heme is neutralized and subsequently cleared into cells via the CD91 receptor. This binding affinity is so high that Hx "steals" heme from hemoglobin (21) . Heme and hemoglobin are synergistic with toll-like receptor (TLR) agonists a more conservative transfusion strategy (1) (2) (3) (4) , studies suggesting that older stored blood is associated with higher morbidity than fresh blood (5) (6) (7) (8) (9) , studies that older blood has higher levels of cell-free hemoglobin (10, 11) , in vitro studies in which hemoglobin and heme potentiate release of cytokines from macrophages (12) (13) (14) , inTRODUCTiOn There has been increasing appreciation that cell-free plasma hemoglobin and secondarily released free heme may be toxic in critical care settings. Evidence for this concept comes from studies in which liberal transfusion is associated with equivalent or worse outcome than 2 Frank E Riley, perform amidolytic assay: H-D-IIe-ProArg-pNA⋅2HCl (S2288) that is sensitive to a broad spectrum of serine protease, and H-D-Phe-Pip-Arg-pNa⋅2HCl (S2238) that is sensitive to thrombin. Both substrates were purchased from Diapharma Group Inc. The assay was performed according to the instructions of the manufacturer with minor modifications.
Purified and Recombinant Hemopexin: Protease Activity and Effect on neutrophil Chemotaxis
Macrophage Culture and Cytokine Assays Bone marrow-derived macrophages (BMDMs) were prepared from mice as we described previously (12) . BMDMs were washed three times in serum-free medium, followed by incubation overnight with LPS with or without hemin or hemoglobin in the presence or absence of Fc-hHx or Fc or hHx-B in the culture as noted. Concentrations of TNF in the supernatants were quantitated by enzyme-linked immunosorbent assay (ELISA) (R&D Systems) according to the manufacturer's instructions.
Heme Binding Assay
Hemin chloride, the synthesized form of free heme was prepared as described previously (29) . Protein samples (10 μmol/L) or PBS were mixed with hemin at different concentrations (3 and 10 μmol/L) and incubated at room temperature for 30 min. The spectra of hemin-protein were recorded by Nanodrop ND1000. Hemin-hemopexin complexes form an absorption peak at 413 nanometers (nm) (30) . The absorbance at 413 nm was measured and compared among samples with different molar ratios of protein and hemin (3:1 and1:1).
isolation of Human Peripheral neutrophils and Monocytes
Fresh human neutrophils and monocytes were isolated as described previously with minor modifications (31, 32) . Human studies were approved by the Institutional Review Board at the Massachusetts General Hospital (assurance # FWA00003136). Briefly,
MATERiALS AnD METHODS

Materials and Animals
LPS from E. coli O55:B5 was purchased from List Biological Laboratories. Hemin chloride was purchased from Frontier Scientific Inc. Hemin solutions were made immediately before use in the dark as described previously (12) . Chemoattractants N-formyl-l-methionyll-leucyl-l-phenylalanine (fMLF) and leukotriene B4 (LTB4) were purchased from Sigma-Aldrich and Cayman Chemical, respectively. Sterile human albumin aqueous solution [25%] was purchased from Massachusetts General Hospital blood transfusion services, heat treated at 60°C for 10 h and saved in small aliquots at -80°C. C57BL/6 mice were obtained from Charles River Laboratories. The Institutional Animal Care and Use Committee at Massachusetts General Hospital approved the animal protocols used in this study.
Two purified human Hxs were used in the study: Hx purchased from Athens Research and Technology Inc. (hHx-A) and Hx produced at CSL Behring (hHx-B) (27) . Rabbit Hx was prepared as described previously (28) . A recombinant human Hx fusion protein was generated as a Fc fusion protein, Fc-hHx, which consists of the tripeptide alanine-lysine-threonine (AKT) followed by the hinge CH2 and CH3 domains of human IgG1 Fc (residues E216-G446) with two point mutations (C220S and N297D) and a single alanine linker fused with the full length sequence of the mature Hx polypeptide. This recombinant Fc-hHx was analyzed using SDS-PAGE and was shown to be a 150-kDa protein with >95% purity on Coomassie Fluor Orange (Invitrogen) staining and Western Blot analysis using Cy3 labeled, goat anti-human Fc antibody (Jackson ImmunoResearch).
Amidolytic Assay
Amidolytic Assays on Hxs were performed as described previously with modifications (25) . Two serine protease chromogenic substrates were used to as well as endogenous mediators such as high-mobility group box protein 1 (HMGB1) to induce proinflammatory cytokines TNF and interleukin-6 (IL-6) from macrophages (12) (13) (14) . Therefore, Hx has the potential to block the direct oxidative toxicity of free heme on tissues as well as the induction of proinflammatory cytokines induced synergistically by free heme and hemoglobin. Hx presumably serves to downregulate inflammation in clinical settings where extracellular heme may coexist with endogenous mediators or microbial components. Such settings include severe tissue infections, sepsis, trauma, burns, sickle cell crisis and acute respiratory distress syndrome (ARDS).
Hx has been proposed as a possible treatment for sepsis and sickle cell disease based upon studies finding that increased serum-free heme and decreased Hx were associated with worse outcomes (16) (17) (18) and that administration of Hx prevented the tissue damage and lethality in mouse models (15, 16) . However, questions have been raised as to the safety of Hx infusion because of possible protease activity of Hx (22) (23) (24) and possible effects of Hx on neutrophil chemotaxis in a different study (25) .
Since a variety of different Hx preparations purified from plasma using different techniques were used in prior studies, it has not been possible to determine if the different results stem from differences in the purity or activity of Hxs and in particular if the reported effects on chemotaxis and protease activities are intrinsic to the Hx molecule or are contaminations of the purified molecules with plasma proteases (26) . To address this issue, we compared protease activities of Hxs from different sources including those used in many of the above studies, and studied their effects on neutrophil chemotaxis in vitro and neutrophil migration in vivo. We also created a recombinant Fc-Hx fusion protein that allowed us to study properties of Hx in a molecule that was not purified from serum and that may be a candidate for clinical use.
PE-conjugated anti-Gr-1 (RB6-8C5) mAbs (BD Biosciences) in the dark for 30 min at 4°C. Cells were then washed twice with staining buffer followed by fixation in 1% paraformaldehyde (Thermo Scientific). The cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences) equipped with FACSDIV software to determine the percentage of neutrophils over total cells migrated to the peritoneal cavity.
Myeloperoxidase (MPO) Assay
The MPO activity was measured in neutrophils recruited to the peritoneal cavity of mice. Cells harvested from the peritoneal cavity after thioglycolate administration were resuspended in 0.5% HTAB (hexadecyl-trimethyl-ammonium bromide) in 50 mmol/L potassium and sodium phosphate, pH 6.0 and sonicated on ice by microtip at 3 × 10 s bursts with 90% duty cycle and power setting in a Branson 450 sonicator (Branson Ultrasonics Corp.). The cells were then put in an ethanol/dry ice bath alternating with warm room at 37°C. After three sonicatefreeze-thaw cycles, the samples were finally sonicated for 10 s on ice, followed by centrifugation at 12,000 × ɡ for 30 min at 4°C. The supernatants were saved at -80°C for MPO assay. The enzyme activity was determined spectrophotometrically as the MPO-catalyzed change in absorbance in the redox reaction of H 2 O 2 (450 nm with a reference filter 620 nm, 25°C), as described previously (22) . MPO concentrations (mUnits/peritoneal cavity) were determined using MPO standards (Sigma).
Statistical Analysis
Except where indicated, representative data from at least three experiments are presented in the Figures neutrophil Migration in Mouse Peritoneal Cavity Neutrophil migration into the peritoneal cavity of mice was induced by i.p. injection of thioglycollate and was measured in mice with administration of Hx as described by Spiller et al. (25) . The Institutional Animal Care and Use Committee at Massachusetts General Hospital approved the animal protocols used in this study. Thirty minutes after intravenous Hx or albumin (2 mg/mouse) administration, neutrophil migration was induced by i.p. injection of 500 μl 4% thioglycolate (Sigma). At 2 h and 4 h after thioglycolate administration, the peritoneal cells were washed with 5 mL of PBS twice and harvested after gentle massage. The cells were centrifuged at 500 × ɡ for 5 min at 4°C, stained with 0.4% trypan blue and the total cell numbers were determined by counting under light microscope using hemocytometer. The cells were applied to flow cytometry analysis or MPO assay.
Flow Cytometry Analysis
Cells from mice peritoneal cavity were washed in Ca 2+ 
Culture of Human Peripheral Blood Monocytes and Measurement of LTB4 by EiA
Human monocytes were incubated with LPS (10 μg/mL) in the presence or absence of hemin (1 μmol/L or 10 μmol/L) prepared as described previously (12) for 1, 3, 5 h. In some experiments, hHx-B was added to the culture. The supernatants were saved at -80°C for later LTB4 measurement or used in the chemotaxis assay of human neutrophils. LTB4 production was measured by Enzyme Immunoassay Kit according to the manufacturer's instructions (Cayman Chemical).
Human neutrophil Chemotaxis Migration Assay
Chemotaxis migration was performed in a 96-well cell migration system with 5-μL pore size, 30 μL-plate well volume be intrinsic protease activity is that these preparations have some risk of contamination by other serum proteins (22, 24) . Study of a recombinant version should minimize this issue. There was extremely low protease activity in the Fc-hHx using the same two protease activity assays using substrate S2288 and S2238 (Figures 5A, B) . However, close examination of the curves (inserts in Figures 5A, B) suggested that there was an immediate very small increase in absorbance at 405 nm wavelength
We found that the recombinant FchHx bound heme as well as purified hHx ( Figure 3C ), and had comparable activity to purified hHx to inhibit the induction of TNF from macrophages synergistically induced by heme and LPS (Figure 4) .
Recombinant Fc-Hhx has Minimal Protease Activity and Does not inhibit Chemotaxis of neutrophils
A potential problem in studying purified hHx to evaluate if there may
RESULTS
Serine Protease Activity of Purified Hxs
To study protease activity of Hxs, amidolytic assays were performed by using two serine protease chromogenic substrates: S2238 (for thrombin) and S2288 (for general serine protease activity) evaluated over a 48-h time span. Hxs were studied at concentrations of 6.7 μmol/L (400 μg/mL), which is similar to what might be achieved in clinical studies. Protease activity varied substantially between the preparations (Figure 1 ).
Purified Hx Does not inhibit the Chemotaxis of neutrophils induced by fMLF and LTB4
The effect of Hx on chemotaxis was investigated in vitro using two chemoattractants, fMLF and LTB4, in the transmigration assay. Freshly isolated human peripheral neutrophils were preincubated with either RPMI with 2% FBS as a control or the purified Hxs at the concentration of 100 μg/mL (1.67 μmol/L). Both fMLF and LTB4 induced a marked dose-dependent increase in human neutrophil migration. However, there was no significant effect of any of the Hxs on chemotaxis (Figures 2A, B) .
Recombinant Fc-hHx Binds Heme and inhibits Heme-LPS Synergy on Monocytes
A recombinant Hx molecule might have some advantages over Hx purified from plasma for study of Hx properties, as well as for possible eventual clinical use. Initial attempts at generating hHx were complicated by poor expression that limited an adequate yield. This problem was solved by the creation of Fc-hHx, consisting of a fusion protein of the Fc region of IgG1 and Hx that was expressed in mammalian cells. Details of the production of the Fc-hHx are included in Methods. This material is endotoxin-free as tested by LAL and has high purity according to SDS-PAGE ( Figure 3A) and Western blot results ( Figure 3B ). Fc-hHx is shown in the reduced gels as a high-purity 75-kDa monomer (see arrow). In nonreduced gels, the Fc-hHx is a 150-kDa dimer (not shown). (C) Heme binding assay was done with 10 μmol/L of recombinant Fc-hHx; purified hHx-B; Fc fragment of IgG1; human albumin (hALB). All protein samples or PBS were mixed with free heme at different concentrations (3 and 10 μm) at room temperature for 30 min. The absorbance at 413 nm was measured by Nanodrop ND1000. The results represent the mean ± SE.
with Fc-hHx after addition of the substrates that was not seen with the Fc control, and that the slope of the curve was slightly positive. Fc-hHx had no effect on human neutrophil chemotaxis ( Figures 5C, D) .
Hx Does not Suppress neutrophil Migration in Mice
An earlier article reported that purified Hx suppressed the neutrophil migration into the peritoneal cavity in a mouse model in which chemotaxis was induced by thioglycolate or with sepsis induced by cecal ligation puncture (25) . We tested the effect of Hx on neutrophil migration in mice in a similar way. Mice were injected i.v. with Hx or control human albumin at the dose of 2 mg/mouse 30 min before induction of chemotaxis by i.p. injection of thioglycolate. There was no significant difference in neutrophil numbers ( Figure 6A ) or myeloperoxidase activity ( Figure 6B ) in the peritoneal cavity between the mice treated with Hx and albumin.
Hx Blocks Synergistic Production of LTB4 induced by Hemin and LPS
Heme and LPS synergistically induce the production of TNF and IL-6 from macrophages (12) . Accordingly, we studied the effect of heme and LPS on the production of chemoattractants from human monocytes. LTB4 levels in supernatants of monocytes stimulated with LPS increased with time and peaked at 3 h, similar to prior studies with human alveolar macrophages (33) . Heme alone induced a slight increase in LTB4 (34) . However, the combination of LPS and heme (1 μmol/L) led to significantly higher concentrations of LTB4 in the culture medium ( Figure 7A ). Similar results were found with the combination of LPS and hemin at 10 μmol/L (data not shown). The addition of hHx blocked the synergistic increase in LTB4 production to the level of chemotaxis induced in the absence of heme ( Figure 7B ). Similarly, there was a synergistic increase in chemotaxis of protease activities. A recombinant Hx fusion protein consisting of Hx coupled to the Fc moiety of IgG bound heme well and had detectable but minimal protease activity. None of the Hxs studied had a significant effect on chemotaxis of neutrophils in vitro or in vivo. We, in addition, found that heme synergizes with LPS to induce the production of chemoattractant LTB4 from monocytes and that
DiSCUSSiOn
Hx is a plasma glycoprotein with extraordinary heme binding affinity that has been proposed as a candidate drug to decrease heme-induced inflammation in numerous settings (12, 14) . The major findings of the current study are that the purified Hxs obtained from different sources that are similar to those used in prior studies had large differences in neutrophils exposed to supernatants of monocyte culture with hemin and LPS, and the hemin-induced component of this increase was eliminated in the presence of Hx ( Figure 7C ). Together, these findings support a mechanism by which Hx specifically decreases heme-induced chemotaxis by blocking the synergistic induction of chemoattractants (Figure 8 ). synergy (12) (13) (14) , either through direct sequestering of free heme, or possibly indirectly through activation of heme oxygenase-1 (HO-1), inducing the production of antiinflammatory CO and biliverdin (39, 40) . Larsen et al. showed increased serum-free heme in mouse sepsis model of cecal ligation and puncture, and administration of rabbit Hx prevented the tissue damage and lethality (16) . Therefore, replenishing Hx could be a potential therapeutic strategy to control heme-driven inflammation in critical care patients. Some prior studies have suggested that Hx might have intrinsic protease activity. Bakker et al. identified a plasma factor 100 KF that is closely related to Hx and has protease activity that induced transient protein leakage after incubation with rat kidney ex vivo and perfusion of kidney (22, 23) . In a different study, protease activity was reported in recombinant Hx expressed in Pichia pastoris using an amidolytic assay, although there was no expressed control protein reported (24). Spiller et al. reported that a preparation of purified human Hx suppressed the chemotaxis of neutrophils and increased mortality in a mouse sepsis model with cecal ligation, and that these effects were prevented by protease inhibitors (25) . These studies raised the question of the safety of infusing Hx into humans. To address this issue, and to help interpret the results of some of the prior and conflicting animal studies in the literature, we tested the protease activity and the effect on chemotaxis of Hx from four different sources that include preparations of rabbit and human Hx similar to those used in prior animal studies (rabbit Hx and two preparations of human Hx) as well as a novel recombinant human Hx fused with Fc that we produced and expressed in CHO cells. We found that protease activity varied considerably in the different Hx preparations ( Figure 1 ), but that none of the Hx preparations altered neutrophil migration (Figures 2,5C,5D ). In further hemoglobin correlated with mortality (17, 18) , and a common feature is endothelial cell dysfunction caused by cell-free hemoglobin (37) that may cause secondary organ failure in the lung. The reported sensitivity of endothelium to heme and the frequent physical presence of blood in alveoli may make the lung potentially and uniquely sensitive to heme-driven pathophysiology (38) . Heme and hemoglobin synergize with TLR agonists, bacteria and HMGB1, inducing high levels of proinflammatory cytokines TNF and IL-6 from macrophages (12) (13) (14) , and Hx blocks this Hx blocks this synergy, resulting in the decreased chemotaxis induced by this synergy.
Cell-free hemoglobin is released from damaged RBCs into tissues or plasma in numerous clinical settings with or without infection, as well as after transfusion. Patients with ARDS have evidence of increased RBCs and hemoglobin in tissues on histological sections (35) . Studies in mice also indicate that there is hemorrhage and free hemoglobin in the intraalveolar space following intratracheal injection of LPS (36) . In studies of patients with sepsis, elevated free plasma studies, hHx-B did not inhibit neutrophil migration to the peritoneal cavity induced by thioglycolate ( Figure 6 ).
The generation of a recombinant Fc-hHx preparation allowed us to study a preparation of Hx that should not have contaminating proteases remaining from plasma purification. We compared this reagent to a recombinant Fc control and to human albumin. Although barely detectable, we consistently found that there was trace protease activity using both substrates studied compared with the two control preparations (Figures 5A, B) . This finding may suggest that there is an isoform of Hx that contains intrinsic protease activity, albeit at trace levels. However, we cannot absolutely exclude the possibility that this trace activity resulted from a purification contaminant from the host cells present in this preparation but not the controls.
The availability of a recombinant version of Hx in the form of an Fc-hHx fusion protein raises the question of whether it might be a suitable as a poten tial therapeutic candidate to replenish Hx in situations of heme excess. We found that the fusion protein had similar heme-binding activity and cytokine-blocking activity as purified human Hx ( Figures 3C, 4) , and did not inhibit neutrophil migration ( Figures 5C, D) . Further studies are needed to study and compare Fc-hHx and purified hHx in animal models.
The earlier report that Hx suppressed neutrophil migration led to the hypothesis that the suppression may be due to protease activity in the preparation that directly acted on neutrophils to decrease chemotaxis (25) . An alternative possibility would be that hemopexin bound cell-free heme that induced or primed macrophages to produce chemotaxins such as leukotriene B4 (LTB4). LTB4 has been described as the major chemotaxin induced by heme (34) . In our studies, none of the Hx preparations, regardless of protease activity, directly suppressed neutrophil migration. To evaluate the possibility that Hx might suppress chemotaxis by binding heme, we studied potential candidate molecule to help decrease inflammation, and the institution has filed for patent protection. M Super, AL Watters and DE Ingber have filed for patent protection for recombinant Fc-hemopexin.
of tissue inflammation, and is consistent with a strategy of infusion of Hx to replenish depleted native local or systemic Hx in settings of excess and toxic heme. Our failure to detect direct neutrophil suppression by multiple different Hx preparations, irrespective of different protease activities is reassuring regarding the possible development of a safe hemopexin product for clinical testing.
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DiSCLOSURE
In accordance with institutional policy, HS Warren has declared hemopexin to Massachusetts General Hospital as a the synergy of hemin and LPS to induce LTB4 from isolated macrophages, and the ability of a purified Hx with very low protease activity to suppress this induction. We found that LPS and hemin are synergistic for LTB4 production, that Hx blocks this production and that Hx also blocks the chemotaxis induced by LTB4 containing cell supernatants ( Figure 7 ). These findings support the concept that Hx decreases heme-induced secondary inflam mation by binding heme and blocking its activity (hypothesis I in Figure 8 ).
COnCLUSiOn
The finding that LPS synergizes with hemin to induce LTB4 may explain in part why intra-or extravascular hemoly sis leads to only mild inflammation, whereas small amounts of heme in the presence of a secondary signal such as LPS, may greatly amplify it. This finding might be particularly important in infected lungs given their sensitivity to LTB4. Our data add to the body of evidence that extracellular heme is a cause Figure 8 . The role of Hx in neutrophil chemotaxis. The pathogenesis of severe infectious diseases is associated with hemolysis and secondary release of cell-free heme. LPS and heme synergize to induce the production of TNF, IL-6 and LTB4 from monocytes/ macrophages. LTB4 induces neutrophil migration. Two hypotheses might explain the effect of Hx to suppress chemotaxis of neutrophils: hypothesis I, Hx binds heme and therefore blocks synergistic production of LTB4 and other chemotaxins, secondarily decreasing the signal for the chemotaxis of neutrophils; hypothesis II, Hx itself has protease activity and direct inhibitory effect on the neutrophil migration. The results from this paper support hypothesis I.
